Reconstruction of
Supernova Neutrino Spectra



Neutrinos from Supernovae
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Figure adapted from Yuksel and Beacom



What did we learn ?

Our overall picture of SN
explosions is correct



Limitations

* Mostly detected anti-v,
* Energy resolution limited
* Low statistics

e Background confusion

Need high-fidelity spectral measurements for all flavors



Detecting SN Neutrinos

v./anti-v_ have charged current interactions

What about the non-e

They have only neutra

Elastic scattering with

ectron flavors?
current interactions

orotons is the answer

Beacom, Farr, Vogel 2002



Detailed and updated status

Reconstruction of supernova v,, v;, ,, and 7, neutrino spectra at scintillator detectors

1, 1,2,3,1
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(Dated: July 21, 2011)

We present a new technique to directly reconstruct the spectra of v, v-, 7., and 7, from a
supernova, using neutrino-proton elastic scattering events (v + p — v + p) at scintillator detectors.
These neutrinos, unlike v. and 7., have only neutral current interactions, which makes it very
challenging, with any reaction, to detect them and measure their energies. With updated inputs
from theory and experiments, we show that this channel provides a robust and sensitive measure of
their spectra. Given the low yields and lack of spectral information in other neutral current channels,
this is perhaps the only realistic way to extract such information. This will be indispensable for
understanding flavor oscillations of SN neutrinos, as it is likely to be impossible to disentangle
neutrino mixing from astrophysical uncertainties in a SN without adequate spectral coverage of all
flavors. We emphasize that scintillator detectors, e.g., Borexino, KamLAND, and SNO+, have the
capability to observe these events, but they must be adequately prepared with a trigger for a burst
of low-energy events. We also highlight the capabilities of a larger detector like LENA.

Published in PRD (2011)



v-p elastic scattering

V+p—V+Dp
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Number of proton recoils Neutrino spectrum at Earth
per visible energy

Visible energy as a Differential cross section
function of true recoil energy



Cross-Section
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e Standard model calculation
e Quite large (~1/4 inverse beta)
* Slightly prefers higher recoils



Quenching

T -
[T
T'(T) = (
(1) /0 1 + kp(dI'/dx)

* Heavier projectiles lose energy faster
~100-1000 MeV/cm

e Short tracks

* Total scintillation lower than that by electrons
of same energy



Quenching at KamLAND
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* Not described by a ., B8
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Energy resolution at KamLAND

Number of photoelectrons proportional to
visible energy

Energy resolution is almost gaussian,
determined by sqrt(Number of p.e.)

AT /T'~6.9%/sqrt(T’)
Almost negligible, <10% above 0.2 MeV



Backgrounds at KamLAND

Radioactivity is the
main background

Below 0.2 MeV C-14
At ~0.3 MeV Polonium

almost a factor of 105!

{Background is reduced by}
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Experimental Inputs

Detector Mass Chemical composition Np kg AT /T’ Signal Yield
[kton] (rounded to nearest %) [10%]  [em/MeV] (T’ in MeV) (T’ >0.2 MeV)
Borexino  0.278 CoHj5 1.7 0.010 4.5%/VT" 27
KamLAND 0.697 C12Ho6(80%vV/v)+CgH12(20%vV/V) 5.9 0.0100 6.9%/VT" 66
SNO+ 0.800 CgH5CoHos 5.9 0.0073 5.0%/VT" 111

KamLAND has a quadratic correction C=2.73 107-5 in quenching



Events dN/dT ' [MeV ]

()
-
)

100 F

KamLAND

Quenched Kinetic Energy T ' [MeV]

I-! o | | All tl'lavlors'
(I Ve =====
£ Ve e
jﬁ 4v, wevee-
K. ]
&
L |!
)
-
'|‘. ~66 events
N "‘-‘ above T'=0.2 MeV ]
|‘ .\. :
‘\ \ ]
\\\\\. ]
l\ b :;t n'w
0 0.5 1

1.5



Borexino
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SNO+
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Flux Discrimination vs Systematics

Sensitivity S [%]
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Parametric Reconstruction
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Nonparametric Reconstruction

AN, .
N bin
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If Nbin=3, for example,
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Nonparametric Reconstruction

If Nbin=3, for example,
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Regularization

* Need to add a regulator to avoid noisiness

* We typically add a penalty term such that the
reconstruction is locally linear/quadratic

* Technically: Phillips-Twomey/Tikhonov



Generate Mock-data
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Reconstruct Spectrum
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What do we learn?

Observe all flavors

Precision measurements in all flavors
Better handle on total energy budget
Disappearance and appearance



